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The trimeric spike (S) glycoprotein is the trojan horse and the stronghold of the severe acute respiratory syn-
drome coronaviruses. Although several structures of the S-protein have been solved, a complete understanding of
all its functions is still lacking. Our multi-approach study, based on the combination of structural experimental
data and quantum-chemical DFT calculations, led to identify a sequestration site for sodium, potassium and
chloride ions within the central cavity of both the SARS-CoV-1 and SARS-CoV-2 spike proteins. The same region

DFT was found as strictly conserved, even among the sequences of the bat-respective coronaviruses. Due to the
prominent role of the main three electrolytes at many levels, and their possible implication in the molecular
mechanisms of COVID-19 disease, our study can take the lead in important discoveries related to the SARS-CoV-2
biology, as well as in the design of novel effective therapeutic strategies.

1. Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
spike (S) protein is a trimeric class I fusion protein [1]. It triggers the
envelope fusion with the human (h) host cell membrane by h-ACE-2
receptor mediated endocytosis [2,3,4]. The S-protein represents the
trojan horse of coronavirus infection and, consequently, the most
promising candidate for the development of vaccines and drugs [5,6].
Each S-protein monomer weighs ~180 kDa and is made up of two sub-
units, S1 and S2 [7]. The S1 contains the N-terminus domain (NTD) and
the receptor binding domain (RBD), which interacts with h-ACE-2; the
S2 contains the fusion system, constituted by the central helix (CH), the
head-repeated region 1 (HR1), the transmembrane head-repeated region
2 (HR2), the fusion peptide (FP), the connecting domains (CD1, CD2),
the S1/S2 cleavage site and several glycosylation sites (see Supple-
mentary Information 1.1 (SI-1.1)). Cryo-electron microscopy (cryo-EM)
full structures of the 2019-nCoV S-protein have been solved in either its
infectious or non-infectious pre-fusion state [1,8]. However, the un-
derlying structural mechanism of the infection triggering, necessary for
h-ACE-2 binding, is not completely understood and many factors could
play a significant role in this process. Since 1977, it is well-established

that many viruses can take advantage of inorganic cations in the
aqueous environment for replication [9]. The intracellular and extra-
cellular concentration of Na*, K, Ca%" and Cl~ ions is crucial for the
survival of human cells, as dictating their physiological Donnan poten-
tial [10,11]. Coronaviruses are enveloped, thus, by logical extension,
also SARS-CoV-2 and other enveloped viruses should cope osmolarity
[12]. It has been demonstrated that the envelope proteins of SARS-CoV-
1 behave as ion channels, showing selectivity towards Na* over K™ and
Cl™ ions [13,14]. Not surprisingly, available commercial drugs like ion
channel blockers have been proposed for both the SARS-CoV-1 and
SARS-CoV-2 targeting [15,16]. These findings suggest that the human
SARS-related-CoVs could exploit the three major physiological electro-
lytes (sodium, potassium and chloride ions) not only for adaptation to
the aqueous environment, but also to properly engage with the host
receptor. In favour of this hypothesis, Duquerroy found in 2005 [17]
that the S2 subunit of the SARS-CoV-1 S-protein, as in its post-fusion
hairpin conformation (the conformation assumed after fusion between
the virus envelope and the host membrane), was stabilized by two
chloride atoms, respectively reported as chloride 1 (CL1) and chloride 2
(CL2): CL1 interacted directly by hydrogen bonds (HBs) with a triad of
glutamine (Gln/Q) “zippers”, while CL2 interacted indirectly with a
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triad of asparagine (Asn/N) residues via water molecules (hereinafter,
CL1 and CL2 terms will be adopted as referring to the respective chloride
atom interaction pattern, direct or indirect). Starting from the structural
analysis of the central funnel-shaped domain within available pre-fusion
cryo-EM structures of the SARS-CoV-1 and SARS-CoV-2 S-glycoprotein,
we identified a conserved Gln-rich structural region, potentially able to
bind inorganic ions. The latter were structurally unsolved however, due,
probably, to the low resolution of the respective structures (R > 3.0 }o\),
at which water molecules and ions are generally unobserved. The pu-
tative interaction between the experimentally solved protein site and
either alkali metal cations or chloride was modelled quantum chemi-
cally, using density functional theory (DFT), with the aim to assess if
they could be accommodated efficiently despite their lack of resolution.

2. Methods

3D molecular representations were obtained using VMD 1.9.3 [18],
Chimera 1.1.2 [19] and ADF 2018.105 software [20] (https://www.
scm.com/). Structures were selected from the coronavirus 3D struc-
ture database (https://cov3d.ibbr.umd.edu/spike) and retrieved from
the Protein Data Bank [21]. S-protein CH domain sequences of human
and bat SARS-CoVs were obtained from the Uniprot web server [22].

2.1. Protein cavity analysis

The FTmap software [23] was used to detect interesting small cav-
ities within the CH-funnel of the SARS-CoV-2 spike glycoprotein. Default
settings were adopted.

2.2. DFT calculations

Two S-protein cryo-EM structures were chosen for SARS-CoV-2 and
SARS-CoV-1, due to the main Gln rotamers observed as conducive to ion
binding in the CH domain (Q1002/Q984): PDB IDs 6VSB (SARS-CoV-2)
[1], in open state conformation, being the cationic binding form P, and
5XLR (SARS-CoV) [24], which represents the anionic binding form P_
(see Figs. 4 and 5 in Section 3.1). The X-ray crystal structure of the SARS-
CoV-1 spike protein in its post-fusion hairpin conformation (PDB ID
1WYY) [17] was used as a reference for subsequent calculations. Hy-
drogens were added using the software Chimera 1.1.2 [19] and ioniza-
tion states checked with the PropKa server tool (https://www.ddl.unimi
.it/vegaol/propka.htm). CH residues within 5 A from the glutamine ion
“zipper” in each structure (Q1002, SARS-CoV-2, pre-fusion; Q984,
SARS-CoV-1, pre-fusion; Q902, SARS-CoV-1, post-fusion) were selected
using the VMD engine [18] (T998 — T1006 and T980 — T988 in SARS-
CoV-2 and SARS-CoV-1 post-fusion S-protein, respectively;
1898 - A906 in the SARS-CoV-1 post-fusion hairpin conformation).
Residues were then extracted from the respective PDB structure. C/N-
terminal residues were capped retaining the peptide bond shared with
the first adjacent residue to be removed and the a-carbon of the latter (in
SARS-CoV-2, 1997 and Y1007, respectively). Sidechains extruding
outside of the binding cavity were removed and treated as Gly residues,
since not participating to the putative ion-protein interaction pattern,
preserving however the helical backbone integrity. Missing atoms were
added, and all hydrogen atoms were subjected to minimization with the
DFT-B forcefield as provided in the ADF package [20]. In presence of
ions, pre-fusion and post-fusion models were finally made of 376 and
358 atoms, respectively. All the calculations were performed with the
Amsterdam Density Functional 2018.105 (ADF) [20]. The dispersion-
corrected BLYP-D3 (BJ) functional was used [25,26]. The TZ2P basis
set was employed along with Becke integration grid [27,28]. Neither
frozen core approximation nor symmetry were adopted [29]. Complexes
between cryo-EM pre-fusion structures and ions were optimized in the
gas phase constraining proteins at their original conformation, in order
to evaluate if the latter may be conducive to ion binding without further
refinements. Single point energy calculations on the SARS-CoV-1 spike
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protein, as in the post-fusion CL1 ion complex (1WYY) [17], were per-
formed in the gas phase for qualitative comparison with the pre-fusion
complexes.

As shown in Fig. 1, the interaction energy, AEjy, between the ion
(I=Na', KT, C17) and the respective S-protein cavity (P, P_/Piwyy)
was calculated. The interaction energy is calculated as the difference in
energy between the optimized complex and the free ligands (protein and
ion) in their final state:

AEy = E(PI) — [E(P) + E(I) ]

Implicit solvent effects were not included in the calculation because
the pre-fusion putative ion binding site does not result directly exposed
to the water solution, being located deep in the CH funnel and sur-
rounded by the HR1 domains. Explicit solvent effects were included in
separate geometry optimizations for sodium and potassium ion com-
plexes, to explore the potential coordination of axial water molecules.
Interaction energy, AEj,, was also calculated for the hydrated sodium-
protein complex, as the difference in energy between the latter and
the free ligands in the gas phase. In the case of chloride, water was not
included, as water molecules do not participate to the interaction
pattern of the post-fusion chloride experimental complex CL1, used here
as a reference, in which the Gln sidechain arrangement correlates spe-
cifically with direct binding.

3. Results
3.1. Structural analysis

The first solved cryo-EM structure of the SARS-CoV-2 S-protein in its
closed state (PDB ID 6VXX, reported hereafter as Py) [8] reveals that
RBDs and CHs form together a central tunnel extending axially from S1
to S2. Specific residues shape the tunnel, extruding into the cavity and
forming triangular planes by their sidechains (Fig. 2).

RBD residues exposed are V503, D405, R408, Q414, K378 and Y380.
The latter are conserved in SARS-CoV-1 (except V503) as 1489, D392,
R395, Q401, K365 and Y367, respectively. Helices give rise to a central
funnel. CH residues protruding into the cavity by sidechains are: E988,
V991, Q992, D994, R995, T998, Q1002, Q1005, T1006 and T1009
(E970, V973, D974, D976, R977, T980, Q984, Q987, T988 and T991 in
SARS-CoV-1). Interestingly, the CH domain (45 aa) is shared with 100%
of sequence identity by the h-SARS-CoV-1, h-SARS-CoV-2 and bat-SARS-
CoVs Rfl, Rp3 and HKU3, as shown in Table 1.

The CH funnel residues (24 aa) are either charged (10 aa, 22.2%) or
polar neutral (14 aa, 31.1%). Importantly, 9 out of the 10 residues that
are directly exposed to the inner cavity by their sidechains are polar
(90%). The prominent polar composition of the CH funnel suggests that
the latter may catalyze ion binding [30]. Unfortunately, the resolution
associated to the full cryo-EM structures precludes ions and water
molecules from being solved. With the aim to preliminarily identify
suitable binding cavities within the CH domain, we docked fragment
probes to three representative SARS-CoV-2 structures (PDB IDs 6VXX,
Py, in the RBD-closed state, 6VYB [8] and 6VSB [1], P, in the RBD-open
state) (section 2), using the FTmap software [23]. FTmap scans a
macromolecule of average size in less than an hour and identifies hot
spot regions in it that could serve as ligand binding sites. In practice, it
samples 16 small solvent fragments in billions of positions within the
target and clusters their populations for each region, offering clues about
potential binding site(s). Results disclosed differences between each
structure at the bottom of the funnel. This region is characterized by 4
triads of polar residues, namely Q1002, Q1005, T1006 and T1009
(Figs. 2 and 3).

In the S-protein closed state 6VXX (Pp) and in the open state 6VYB
the identified site was populated most (Fig. 3A-B), while in the open
state structure 6VSB (P.,) it appeared highly less occupied (Fig. 3C) (see
SI-1.2, Supplementary Table 1, for cluster populations). The different
fragment probe populations suggest the presence of meaningful
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Fig. 1. Ion-protein interaction energy scheme: P, (PDB ID 6VSB) P_ (standing also for IWYY — 5XLR, 1WYY); M* = Na*, K*.
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Fig. 2. RBD and CH residues extruding into the S-protein central cavity. RBD and CH residues are depicted in yellow and green ball-stick representation, respectively
(PDB ID, 6VXX). Triangular planes are shown as pink lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 1

CH domain sequence of bat and human S-proteins. For each sequence, respective organism and code identifier is reported.
ORGANISM SEQUENCE UNIPROT-ID
Bat-SARS-CoV Rfl 956 EAEVQIDRLITGRLQSLQTYVTQQLIRAAEIRASANLAATKMSEC 1000 Q0QDZ0
Bat-SARS-like CoV Rp3 956 EAEVQIDRLITGRLQSLQTYVTQQLIRAAEIRASANLAATKMSEC 1000 Q3I5J5
Bat-SARS-like CoV HKU3 957 EAEVQIDRLITGRLQSLQTYVTQQLIRAAEIRASANLAATKMSEC 1001 Q3LZX1
h-SARS-CoV 970 EAEVQIDRLITGRLQSLQTYVTQQLIRAAEIRASANLAATKMSEC 1025 P59594
h-SARS-CoV-2 988 EAEVQIDRLITGRLQSLQTYVTQQLIRAAEIRASANLAATKMSEC 1032 PODTC2

structural rearrangements in the middle of the CH domain. The deter- (Fig. 4A).

mined protein site as in the closed state 6VXX (Py) was therefore sub- In the closed state, Py, the following HBs were observed: Q1002-

jected to comparison with the two open states 6VSB (P,) and 6VYB Q1005 (inter-helix, sidechain-sidechain, N—O distance ~2.88 Z\),
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Fig. 3. Probe populations at the CH site. A) Closed state structure 6VXX, Py. B) Open state structure 6VYB. C) Open state structure 6VSB, P. Fragment probes are
shown in green van der Waals sphere representation, the CH domains and protein in black ribbons. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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Fig. 4. S-protein CH site. A) Superposition of the selected structures at the identified region (PDB 6VXX, green, 6VYB, blue, 6VSB, yellow); atoms involved in rotamer
conversion are depicted as CPK spheres. B) Top view of the CH site in the closed state of the SARS-CoV-2 S-protein (Py) in which sidechains form triangular planes
(pink dot lines); Q1002 amidic oxygen atoms’ distance is reported in angstroms. C) Top view of the protein open state 6VSB (P_). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Q1002-T1006 (intra-helix, backbone-sidechain, O—O distance
~3.05 f\), Q1005-T1009 (intra-helix, backbone-sidechain; O—O dis-
tance ~2.95 10\). T1009 residues define the bottom of the funnel, forming
a tight equilateral triangular plane, in which y carbons are equidistant
from each other by only 3.92 A. A wider equilateral triangular plane is
formed by the above located Q1002 amidic oxygen atoms (O—O dis-
tance ~7.90 A). The same pattern was observed for the related open
state structure 6VYB (Fig. 4B), but not for the first solved open state
6VSB (Fig. 4C, P ). We report the following differences for 6VSB: 1) the
inter-helix Q1002-Q1005 HBs are disrupted; 2) Q1002 sidechains are
largely rotated and the respective amidic oxygens are coplanar, oriented
towards each other by an average distance of 4.5+ 0.2 A. The second

T991( LD

Pre-fusion

observation is surprising from a chemical point of view, in fact, this kind
of arrangement could be ideal for alkali metal cation binding. After in-
spection of 69 available SARS-CoV-2 full spike protein cryo-EM struc-
tures (SI-1.3, Supplementary Table 2), 10 reproduced a similar situation
to 6VSB (P, Fig. 4C), 52 showed a Gln sidechain arrangement compa-
rable to the closed state 6VXX (P, Fig. 4B), not ideal for direct ion
binding, while 7 structures showed another rotamer state, which may be
conducive to direct chloride binding (P_, Fig. 5).

The P_ rotamer state shown in Fig. 5 seems to reproduce well the CL1
Gln arrangement described by Duquerroy for the hairpin post-fusion
conformation of the SARS-CoV-1 spike protein, showing a chloride
atom bound directly to trimeric Gln sidechains (PDB 1WYY) [17]. Since

[1WYY]

Post-fusion

Fig. 5. Top view of the glutamine (Q) sidechain arrangement in the pre-fusion and post-fusion structure of the SARS-CoV-1 spike protein. Q984 and Q902 sidechains
of the SARS-CoV-1 spike protein are shown for the pre-fusion 5XLR!® cryo-EM structure and the post-fusion IWYY'” X-ray crystal structure, in magenta and white/
grey ball-sticks respectively, along with other close residues; the chloride atom bound in the post-fusion state (CL1) is depicted in green; glutamine N° atoms’ distance
is reported in angstroms. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the SARS-CoV-1 and SARS-CoV-2 S-proteins share the 100% of sequence
identity at the CH, we decided to check in the former the presence of the
peculiar sidechain arrangements herein described. 13 out of the 18
available SARS-CoV-1 full S-protein cryo-EM structures did not suggest
direct ion binding; none showed the P, pattern of Fig. 4C, potentially
able to bind cations, while 5 structures revealed their respective
conserved Q984 residues in the CL1 pattern (Q1002 in SARS-CoV-2), P_
(see SI-1.2, Supplementary Table 2, for the full list of respective PDB
IDs). The intrinsic limitations of the available resolution techniques, as
specifically related to the amidic sidechain rotamer assignments and the
B-factors’ optimization process, however, warn about the actual reli-
ability of these structural observations. Consequently, for the most
interesting cryo-EM structures under study, 6VSB (P.) and 5XLR (P_),
isothermal factors of Gln N® and O° atoms were inspected. For each
structure, B-factors result in a low relative range with respect to the
maximum B values registered (~72 vs 304.6 A2 and ~60 vs 286.43 10\2,
in P, and P_, respectively). Thus, it is reasonable to assume that the
selected amide rotamers lie on a region of enough low thermal motion to
be considered structurally reliable for further considerations. In light of
these findings, we decided to assess the ability of the CH-site to bind
physiological alkali cations (Na* and K") and chloride (CI") in the
representative pre-fusion conformations of the SARS-CoV-2 and SARS-
CoV-1 S-protein, by means of Density Functional Theory (DFT) [31].

3.2. Ion-S-protein interaction

Complexes with sodium (6VSB, P,Na'), potassium (6VSB, P_K")
and chloride (5XLR, P_CI") ions were optimized quantum-chemically.
The optimized complexes are shown in Fig. 6 (see SI-2 for structure
coordinates).

Sodium cation interacts preferentially with two Gln oxygens by
distance values lower than 3A and gives rise to a distorted trigonal
planar complex. Potassium, having a bigger radius than sodium, ac-
commodates in the CH site interacting almost equally with all three
Q1002 amidic oxygen atoms and forms a quite regular trigonal planar
complex. Chloride is complexed directly by the Gln N atoms, leading to
a tetrahedral coordination geometry, which resembles the CL1 interac-
tion state described by Duquerroy in 2005 [17]. The fourth coordination
ligand is absent also in the present case, being replaced by a triad of
threonine alkyl groups (T998 and T980, in SARS-CoV-2 and SARS-CoV-
1, respectively).

The interaction energy between each ion and the S-protein pre-fusion
CH site, AEjy, was calculated (see Section 2, Fig. 1). The same was done
also for the X-ray crystal structure of the SARS-CoV-1 post-fusion ion
complex, as a reference for our predictions (1WYY-Cl™). Results are
summarized in Table 2 (see the SI-3 for total energies and basis set su-
perposition errors, BSSE). Counterpoise corrected interaction energies,
calculated for the modelled pre-fusion ion complexes and the reference

Computational and Theoretical Chemistry 1204 (2021) 113392

complex 1WYY-Cl™ are of the same order of magnitude, which thing
allows to consider our models as generally reliable in terms of predicted
interaction pattern. All the ions interact favourably with the S-protein,
suggesting the ion binding nature of this site. The AEj trend for the pre-
fusion S-protein ion complexes is in the order Na* > K" > Cl~, making
sodium the best putative bound ion. With specific regards to the inter-
action energy of the CL1 pre-fusion (P_Cl7) and post-fusion complex
(IWYY-C17), the latter results more favourable. This can be related to
the tighter HBs formed with the chloride ion in the post-fusion structure
(N®-He..Cl7, 2.17 A vs 2.66 10\), the involvement of GIn902 y-carbons in
the interaction pattern of the latter, not observed in the P_ pre-fusion
complex, and probably a better dispersion exerted by the fourth coor-
dination ligand, isoleucine (1905, Fig. 5), more hydrophobic than
threonine.

3.3. Water coordination in cation complexes

The P,Na' complex of Fig. 6 was further optimized after inclusion of
a water molecule, above the trigonal sodium-protein coordination plane,
yielding a distorted tetrahedral geometry (Fig. 7).

The insertion of another water ligand below the same plane,
conversely, did not lead to any minimum energetic state. As referring to
the P,K' complex, no axial coordination was predicted. In the
P,Na'+H,0 model, the water molecule interacts with Na* and engages
HBs with two pre-coordinated oxygen atoms, increasing the stability of
the complex. Indeed, the AEj, calculated for the hydrated complex is
—110.9 kealsmol ! (BSSE = —0.9 kealsmol 1), corresponding to a gain
in stabilization equal to —19 kcal-mol ! after inclusion of a single water
molecule (P,Na™, AEj,; —91.9 kcalemol ™). Water coordination is ste-
rically allowed because the sodium cation coordinates preferentially
with two out of three oxygen atoms, i.e., it interacts asymmetrically with
the protein and leaves enough space for the accommodation of a water
molecule in proximity of the third (weakly bound) atom. Consistently,
upon hydration, Na™ is predicted to coordinate one amidic oxygen more
strongly than the other two (Na'++O distance decreases from 2.36 to
2.25A in presence of water; Figs. 6 and 7) and to loosen further the
weakest pre-existing interaction (Na™«+O distance increases from 3.25
to 3.39 A in presence of water). Similar considerations suggest that the
K*-water coordination is impossible because the symmetric interaction
pattern of potassium within the cavity and its radius, bigger than so-
dium, are not sterically in favour of it.

4. Discussion

The structural analysis of the SARS-CoV-2 S-protein in its first solved
cryo-EM structures led to the identification of a highly polar region in
the central helix domain. The latter is characterized by a triad of Gln
amidic oxygen atoms arranged in peculiar geometries, potentially able

P, Na*

P, K*

P.CI

Fig. 6. Top view of ion-S-protein modelled complexes in the pre-fusion state. Coordinated glutamine (Q) residues are highlighted along with the interacting atom
pair distance in angstroms (red dot lines; P, 6VSB, SARS-CoV-2; P_, 5XLR, SARS-CoV-1). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Table 2
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Calculated ion-protein interaction energies. Interaction energy values for each complex (1WYY, post-fusion; P, pre-fusion; P_, pre-fusion) are reported along with the
counterpoise corrected energy in parentheses, considering the error resulting from the basis set overlap of individual ligands as they approach to each other to form a
complex (basis set superposition error, BSSE); correction is applied performing single point energy calculations with the mixed basis set. Details related to each
experimental structure and the shortest bond distance between the main interacting glutamine atoms (X = N*-H in IWYY-Cl~ and P_; X = O in P,) and the respective

complexed ion (I=CI", Na™, K*).

PDB ID Resolution (A) Complex AEjy (kcalemol ~1)* XeooI (A)
Reference 1IWYY (X-Ray) 2.20 1IWYY-Cl™ -108.1 (-100.4) 2.17
6VSB (Cryo-EM) 3.46 P,Na" —-91.9 (-91.6) 2.36
P, K" —83.1 (—-82.7) 2.6
5XLR (Cryo-EM) 3.8 P_ClI” —78.3 (-74.2) 2.66

? Energies and optimized geometries were computed at the ZORA-BLYP-D3(BJ)/TZ2P level of theory.

Fig. 7. Top view of the monohydrated sodium-protein modelled complex (P,Na"+H,0) in the pre-fusion state. Water-mediated hydrogen bonds are shown as blue
dot lines along with atom pair distances in angstroms for any interaction. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

to form alkali metal and anion complexes, respectively (P, P_) [1,17].
Among them, the P_ Gln arrangement highly resembles the CL1 inter-
action pattern described by Duquerroy in 2005 for the post-fusion ion
complex of the SARS-CoV-1 spike protein, solved by X-ray diffraction
technique (Fig. 5) [17]. Interestingly, the identified protein sequence
was found as fully conserved among either the human or bat SARS-CoVs
(Table 1). In keeping with this, the CL1 Gln arrangement P_ has been
detected for the cryo-EM structures of both the SARS-CoV-2 and SARS-
CoV-1 S-protein, while, on the other hand, the SARS-CoV-2 cation-
binding conformation P, has not been observed in SARS-CoV-1.
Although apparently inconsistent, we expect that such result may be
related to the higher number of available (full) S-protein structures in
SARS-CoV-2, i.e., to a larger conformational sampling of the latter as
compared to SARS-CoV-1 (69 vs 18 solved structures, respectively), and
to different settings used for either sample preparation or model
refinement. Unfortunately, ions are experimentally unobserved in the
pre-fusion states of both SARS-CoV-1 and SARS-CoV-2 spike protein,

probably because of the low structural resolution of the cryo-EM struc-
tures, lying under the detection limit required for water molecules and
ions (generally lower than 3 A). Thus, we adopted quantum-chemical
DFT calculations to assess the possibility of ion binding in the chosen
representative pre-fusion structures of the SARS-CoV-1 and SARS-CoV-2
spike proteins. Results were subsequentially compared to the SARS-CoV-
1 post-fusion complex reference (PDB ID 1WYY) [17], in which the
interacting ion (chloride) is solved at high resolution (X-ray) and in-
teracts in a similar way to what preliminarily expected for our modelled
complexes (see Figs. 5 and 6 for comparison). Using this approach, in
other words, we considered whether ions may be present according to
both chemical intuition and accurate quantum chemistry rules, while
experimentally unsolved as a drawback of the cryo-EM technique reso-
lution. Indeed, the calculated ion-protein interaction energies and
binding geometries indicate that Na*, K™ and Cl~ atoms can interact
efficiently with the conserved CH domain of the h-SARS-CoV spike
proteins as in their cryo-EM conformation (Table 2). Furthermore, the
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resulting complex geometries and energies are qualitatively consistent
with the interaction pattern observed in the experimental X-ray refer-
ence structure (for which ions have been solved). We also explored the
axial coordination of explicit water molecules by cations, and this
resulted favourable only for the top-ranked sodium ion complex, giving
further validity to our assumptions. Indeed, the better AEj,; of sodium
ion compared to potassium and chloride in the pre-fusion S-protein
structures (Table 2), along with the prediction of a stable water complex
only for Na*, can be linked to the respective concentration of these
electrolytes in the extracellular solution. In fact, the sodium ion is more
concentrated than potassium and chloride out of the cell membrane,
while the opposite is observed in the intracellular solution, due to the
Donnan potential. This result is of special importance, since it is
consistent with our hypothesis, considering SARS-CoVs as able to take
advantage from the extracellular media to assault the host by their spike
proteins, as well as with the experimental evidence of chloride seques-
tration in the intracellular environment (where the anion is more pre-
sent) after membrane fusion. Accordingly, the post-fusion chloride
complex (1WYY-Cl™), is more stable than the one predicted for the pre-
fusion state (P_Cl7). In other words, the SARS-CoV spike proteins may
exploit both the extracellular and intracellular solution by cation and
anion binding, respectively, in order to drive the first stages of the
infection process.

5. Conclusions

Basing on the present study, the existence of an ion binding site
shared by SARS-CoVs is reasonable and highly expected. Although
further investigations are required to confirm the potential role of
physiological electrolytes in spike proteins, our results suggest that they
may represent a term of structural stabilization for the central helix
trimer before the infection triggering, in line with the evidence of such
role as exerted by chloride atoms on the helical structure of the SARS-
CoV-1 spike protein, after fusion with the host cell. Subsequent
computational and experimental studies may, therefore, give precious
insights about the observed high conservation of the CH domain in bat
and human SARS-CoVs, in terms of evolutionary biofunction. Never-
theless, small molecules could also be designed with the property to
specifically bind and interfere with the CH funnel, preventing membrane
fusion and infection to occur. Indeed, other investigations are ongoing in
our laboratories for this purpose.

From a biochemical and physio-pathological perspective, the
favourable interaction of the three major electrolytes with the S-protein,
in either the pre-fusion or post-fusion state, correlates well with their
presence in the extracellular solution, enforcing the idea that SARS-CoV-
2 (and, in general, SARS-CoVs) may realistically sequestrate electrolytes
from physiological body fluids and take advantage from them in order to
succeed, depriving the human cells of the salt balance required for their
homeostasis. Basing on our results, the main three electrolytes should
therefore represent the landmark for translational investigations on the
SARS-CoV-2 spike glycoprotein structure functions and on the way the
latter can be impaired by ad hoc therapeutic strategies, aiding finally the
clinical practice in treating efficiently SARS-related coronavirus
diseases.
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